Introduction
Metformin is a biguanide that has been vastly known as an anti-hyperglycemic drug. Although metformin was initially identified as an anti-diabetic drug, its pleiotropic effects have been recognized over the past several years. Metformin is emerging as a drug with numerous beneficial effects that include body weight control; reduction of the risk for cardiovascular and neuropsychiatric disorders; and treatment of nonalcoholic fatty liver disease, metabolic syndrome and cancer (Zhou et al. 2018 , Amin et al. 2019 . The anti-cancer potential of metformin was first recognized in diabetic patients. These patients treated with metformin were characterized by a lower cancer incidence in comparison to patients who were on other anti-diabetic medications (Schulten 2018) . Subsequently, several epidemiological data documented the association between metformin therapy and a lower risk of developing breast, colon, pancreatic and liver cancers in diabetic patients (Andrzejewski et al. 2018) . The realization of the anti-cancer potential of metformin initiated a series of investigations to uncover the role of metformin as a potential drug for the prevention and treatment of a variety of cancers (Vancura et al. 2018) . To date, several clinical trials have been conducted, with many still ongoing and recruiting patients (https:// clinicaltrials.gov/ct2/home) (Chae et al. 2016) . The results for some of these clinical studies are highly encouraging and demonstrate the potential of metformin in the prevention and treatment of various cancer types such as breast, pancreatic, gastric, colorectal, endometrial, prostate and bladder, either alone or in combination with other drugs , Spillane et al. 2013 , Hawkes et al. 2014 , Nayan et al. 2015 , Chae et al. 2016 , Lee et al. 2016 . Based on a meta-analysis that included 13,008 cancer patients with type 2 diabetes, an improvement in overall, and cancer-specific survival was observed in patients treated with metformin in comparison to other glucose-lowering drugs (Yin et al. 2013) . Another metaanalysis, which included 65,540 cancer patients with diabetes from 47 independent studies, demonstrated an association of metformin use with a reduction in colon, liver and lung cancer incidence, together with improved survival in all examined cancer types (Gandini et al. 2014) . While there is abundant information available showing the efficacy of metformin in multiple cancers, limited information is currently available regarding the effects of metformin on cancers of the endocrine system.
The endocrine system involves a number of hormoneproducing glands that regulate various body functions (Asa & Mete 2018) ( Fig. 1) . The most common endocrine tumors arising from endocrine glands include thyroid, parathyroid, pituitary and neuroendocrine tumors of the gastrointestinal system (Zhang & Nose 2011) . Development of cancer in any of these endocrine glands can affect the production of hormones and thus lead to severe consequences. Most of the endocrine tumors tend to be benign; however, some of them become malignant and require extensive therapy. Of note, the incidence of endocrine cancers is increasing every year worldwide (Asa & Mete 2018) . The prognosis of patients with metastatic endocrine cancers is variable, with high mortality rates and suboptimal treatment response in poorly differentiated aggressive tumors of the endocrine system (Lima et al. 2017) . The standard-of-care therapy for patients with endocrine tumors varies depending on the origin of the tumor, its nature (benign or malignant), the presence of an overproduction of hormones by the tumor and the tumor stage (metastatic or not). Over the last decade, the growth inhibitory effects of metformin have been observed in patients with endocrine tumors. Although these studies are limited; nonetheless, there is compelling evidence from in vitro and in vivo models that point toward the efficacy of metformin in the treatment of endocrine tumors.
Metformin exhibits its anti-cancer effects through multiple pathways that can be inter-connected or work independently (Vancura et al. 2018) . The targets of metformin that were predominately studied include mitochondrial respiratory chain complex I, AMPK and mechanistic target of rapamycin (mTOR) (Sosnicki et al. 2016 . These targets are components of biologically important pathways associated with cellular metabolism, proliferation, survival and apoptosis. Besides these, numerous other targets of metformin have been identified in cancer cells such as cyclins (CCND1, CCNE2), miRNAs (miR-26a, miR-34a) and mitochondrial genes (mGPDH) (Schulten 2018) . In this review, we discuss the anti-cancer potential of metformin in endocrine tumors and the underlying mechanisms of action.
Differentiated thyroid cancer (DTC) Epidemiology
Thyroid cancer is the most common endocrine malignancy, accounting for more than 90% of the endocrine cancers. It is the fifth most common cancer in women in the United States (https://www.cancer.org/research/cancerfacts-statistics/all-cancer-facts-figures/cancer-factsfigures-2019.html, Cabanillas et al. 2016) . Thyroid cancer can be categorized into two different types based on its origin: epithelial-derived and neuroendocrine C-cellderived thyroid cancer. Epithelial-derived DTC variants include papillary thyroid cancer (PTC), follicular thyroid cancer (FTC) and Hurthle cell thyroid cancer (HTC), while de-differentiated variants include poorly differentiated thyroid cancer (PDTC) and anaplastic thyroid cancer (ATC). Medullary thyroid cancer (MTC) is derived from neuroendocrine C-cells producing calcitonin, which is responsible for calcium balance. Among these types, PTC is the most common subtype of thyroid cancer (Schmidbauer et al. 2017 ).
In the last few years, the anti-cancer effects of metformin have been identified in thyroid cancer patients. It is particularly interesting in view of the fact that the incidence of thyroid cancer has been reported to be higher in type 2 diabetes mellitus (T2DM) patients (Li & Qian 2017) . Epidemiological evidence has shown the association between T2DM, insulin resistance and cancer (Vigneri et al. 2009 ). Obesity, which is a risk factor for the development of insulin resistance and T2DM, has also been linked with an increased risk of thyroid cancer (Kitahara et al. 2011) . The protective effects of metformin either alone or in combination with JQ1 (an inhibitor of bromodomain-containing protein 4) have been observed in an obesity-induced thyroid cancer mouse model (Park et al. 2016 (Park et al. , https://www.cancer.org/ research/cancer-facts-statistics/all-cancer-facts-figures/ cancer-facts-figures-2019 . In a recent retrospective study based on the Korean population, metformin intake was associated with lower thyroid cancer incidence risk. These protective effects of metformin, however, were only observed in individuals who either were on metformin for longer periods of time or those with a higher cumulative dose of metformin . Another study, based on a Taiwanese population that included more than 1.4 million T2DM patients who had been exposed to metformin, observed a significantly lower risk of developing thyroid cancer in comparison to those who had never been on metformin. Similar to the above-mentioned Korean study, the individuals who had a higher cumulative dose of metformin or had been on metformin for a longer time duration, had a lower incidence of thyroid cancer (Tseng 2014) . In contrast to the aforementioned studies, a case-control analysis based on a UK database showed no association between metformin and thyroid cancer incidence. This study was, however, based on a smaller number of patients on metformin (98 cases and 416 matched controls) (Becker et al. 2015) .
Besides lowering the thyroid cancer risk, metformin treatment has been associated with longer disease-free survival in T2DM patients with cervical lymph node metastasis of DTC (Jang et al. 2015) . In a retrospective study involving 240 DTC individuals, diabetic patients who were treated with metformin had smaller thyroid cancer size, higher complete response rate and longer progression-free survival in comparison to nonmetformin-treated diabetic patients and non-diabetic thyroid cancer patients matched by age, gender and BMI (Klubo-Gwiezdzinska et al. 2013) .
The potential mechanisms for the growth inhibitory effects of metformin have been elucidated in several preclinical studies.
Preclinical evidence
Metformin treatment inhibits the growth of thyroid cancer cell lines in vitro (Chen et al. 2012 , Klubo-Gwiezdzinska et al. 2013 . Treatment with metformin can induce cell cycle arrest in G1 phase and induce apoptosis, thus leading to a reduction in cellular viability (Chen et al. 2012) . Metformin-mediated AMPK activation leading to the downregulation of p70S6K/pS6 expression is one of the underlying mechanisms for the suppression of thyroid cancer cell growth (Klubo-Gwiezdzinska et al. 2013) . AMPK is an energy sensor and a major regulator of cellular energy homeostasis. AMPK is activated under energy stress conditions when ATP levels drop within the cell. Under such circumstances, the major energyconsuming processes, such as cellular proliferation, need to be inhibited (Motoshima et al. 2006) . Metformin, which is a well-known mitochondrial complex 1 inhibitor, increases the AMP/ADP ratio within the cell resulting in AMPK activation, which initiates a series of events to preserve energy within the cell (Choi & Park 2013) . AMPK activation is believed to activate the downstream target tuberous sclerosis complex 2 (TSC2), which in turn inhibits the mammalian target of rapamycin (mTOR) signaling pathway (Plews et al. 2015) . Since p70S6K/pS6 is downstream of mTOR, inhibition of mTOR hampers their activation leading to reduced protein synthesis, which is necessary for cancer cell growth (Lei et al. 2017 ). This metformin-induced reduction in p70S6K activation has also been demonstrated in a small set of thyroid tumor samples collected from the metformin-treated thyroid cancer patients (Klubo-Gwiezdzinska et al. 2013) .
In an athymic mouse model, metformin treatment inhibited the growth of PTC and promoted necrosis of established tumors. These anti-tumorigenic effects of metformin were associated not only with the activation of AMPK but also with the suppression of AKT signaling pathway (Cho et al. 2014) . Metformin-mediated AMPK activation has been shown to inhibit the phosphorylation of insulin receptor substrate-1 (IRS-1). IRS-1 is a downstream mediator of insulin-like growth factor 1 receptor (IGF-1R), which transmits signals from the IGF-1R to the PI3K/AKT pathway (Pierotti et al. 2013) . Metformin treatment phosphorylates an inhibitory serine residue on the IRS-1, which blocks its signaling to AKT, thus leading to the suppression of the AKT signaling pathway (Zakikhani et al. 2010) . mTOR is also a downstream target of AKT, which suggests its dual suppression by inhibition of AKT signaling and activation of the AMPK pathway (Pierotti et al. 2013) . IRS-1 is also a substrate for insulin signaling and metformin-mediated inhibition of IRS-1 blocks insulin/IGF1/AKT/mTOR signaling pathway and protects against insulin-associated cancer progression (Saini & Yang 2018) .
In a recent study published by our group, mGPDH (mitochondrial glycerophosphate dehydrogenase) was identified as a metformin target in thyroid cancer cells (Thakur et al. 2018) . mGPDH is an enzyme present on the outer surface of the inner mitochondrial membrane and is part of the glycerol-3-phosphate shuttle. Originally, mGPDH was identified as a metformin target in the liver, inhibiting hepatic gluconeogenesis in a rat model (Madiraju et al. 2014) . The primary function of this enzyme is to transfer electrons generated during glycolysis in the cytosol to the mitochondrial electron transport chain. mGPDH, along with its cytosolic counterpart (cGPDH), forms an important link between glycolysis and oxidative phosphorylation (Mracek et al. 2013) . Our study revealed that inhibiting mGPDH activity and expression is associated with a reduction in oxidative phosphorylation, which has a negative impact on thyroid cancer cell growth (Thakur et al. 2018) . The in vivo experiments in thyroid cancer metastatic mouse models demonstrated that thyroid tumors characterized by higher mGPDH expression were much more sensitive to metformin effects in comparison to low-mGPDHexpressing tumors. Moreover, mGPDH as a metformin target is overexpressed in patient-derived thyroid cancer samples compared with normal tissue (Thakur et al. 2018) . These studies document that metformin is an inhibitor of mitochondrial function, which affects mitochondrial respiration through inhibition of mitochondrial complex 1 and mGPDH. In a separate study, metformin treatment inhibited glucose uptake by PTC cells both in vitro and in vivo. This reduction in glucose uptake was associated with decreased expression of HK2 and GLUT1 genes . Altogether, these studies demonstrate that metformin can target cellular metabolism by multiple mechanisms in thyroid cancer cells. However, the effect size observed in vitro with supra-therapeutic metformin concentrations might not be translated to a similar effect size in vivo in humans ( Table 2) .
The effects of metformin on hormone overproduction in thyroid cancer
While DTC is not routinely associated with a significant overproduction of hormones, metastatic FTC may produce excess thyroid hormones leading to signs and symptoms of thyrotoxicosis (Sharma et al. 2011 ). There are no data showing the role of metformin in the regulation of the production of thyroid hormones in thyroid cancer patients. In a prospective study performed on patients with insulin resistance, while the thyroid hormone levels were still within normal range, a small but significant increase in free triiodothyronine levels was observed in patients receiving metformin (Anil et al. 2016) . Also, in an in vivo study performed on male rats, metformin treatment resulted in an increase in the levels of free triiodothyronine (FT3) and free thyroxine (FT4), as well as a slight reduction in thyrotropin (TSH) levels .
Metformin also has an important role in the indirect regulation of insulin signaling, which is a growth stimulus of thyroid cancer. The presence of higher insulin levels, typically seen in insulin resistance, has been associated with higher thyroid cancer risk (Rezzonico et al. 2009 ). DTC expresses IGF-1R which has a high similarity with the insulin receptor (IR) and responds to insulin stimulation. The presence of higher insulin levels can promote the growth of DTC through IGF-1R (Vella et al. 2001 ). In addition to this, insulin can also enhance the growthpromoting effects of thyroid-stimulating hormone (TSH). The presence of higher TSH levels has been associated with the development and progression of thyroid cancer, but TSH alone has limited tumorigenic potential. The presence of growth factors, such as insulin or insulin-like growth factor (IGF) along with TSH, has been shown to augment the growth of thyroid cancer cells to a much greater extent (Vella et al. 2001 , Boelaert 2009 ). Metformin treatment is associated with a reduction in circulating insulin levels, which suggests its role in the inhibition of thyroid cancer growth by antagonizing the growth-promoting action of insulin . This is also supported by an in vitro study in which metformin treatment abolished the growth-promoting effects of insulin on ATC cell lines (Chen et al. 2012 ).
Prospective clinical trials
There are currently two clinical trials utilizing metformin in the management of thyroid cancer. One study, currently open for enrollment, is focused on metformin therapy as an add-on to treatment with radioactive iodine (NCT03109847). This study is designed to assess if metformin can mitigate the myelosuppressive effects of radioactive iodine (RAI), which is used for the therapy of DTC. There is an evidence from retrospective studies that metformin attenuates the RAI-induced decrease in peripheral blood cells in patients with DTC (Bikas et al. 2016) .
The second study, which has been completed, was testing the role of metformin in suppressing TSH levels in thyroid cancer patients. Fifty patients, whose levothyroxine dose was reduced by 30%, were randomized to metformin 500 mg daily or placebo. After 3 months of therapy, there was no difference in TSH levels between the groups, suggesting no benefit of brief exposure to a minimal dose of metformin in the reduction of TSH concentration (Mousavi et al. 2014 ).
Medullary thyroid cancer (MTC)
Epidemiology MTC originates from the parafollicular C-cells of the thyroid gland. It is a rare type of cancer, with only 3-5% of thyroid cancer patients diagnosed with this neuroendocrine tumor. MTC is characterized by a high prevalence of central and lateral neck lymph node metastases; thus, appropriate extensive surgery is the best therapeutic option to achieve remission. However, the locoregional recurrence rate is high and, once the disease presents with distant metastases, the routine management consists of therapy with tyrosine kinase inhibitors (TKIs) (Accardo et al. 2017 ), which does not lead to complete remission but extends the time to progression. At present, there is no clinical information available regarding the use of metformin in these patients, mostly because of the rare occurrence of this disease.
Preclinical evidence
There are a few in vitro studies that have determined the anti-cancer effects of metformin on the MTC-derived cell lines. A study published in 2017 analyzed the growth inhibitory effects of metformin on a variety of thyroid cancer cell lines with different origins -FTC, PTC, ATC and MTC -and normal thyroid follicular cells. Irrespective of the origin of thyroid cancer cell lines, metformin suppressed cellular proliferation at concentrations that fall within the therapeutic range (Kheder et al. 2017) . In another study, the anti-cancer effects of metformin were tested in two MTC cell lines, TT and MZ-CRC-1. The authors reported inhibition in cancer cell growth as well as a reduction in the ability to form spheroids. This study also demonstrated metformin-induced inhibition of the mTOR-p70S6K signaling pathway, downregulation of p-ERK activation and decreased expression of cyclin-D1 in MTC cells (Klubo-Gwiezdzinska et al. 2012) . These in vitro observations were also supported by human MTC samples characterized by higher expression of metformin targets -cyclin D1 and mTOR-p70S6K in comparison to the corresponding normal tissues (Klubo-Gwiezdzinska et al. 2012) . The metformin-induced growth inhibitory effects in this study were found to be independent of AMPK activation.
mTOR is known to be activated by multiple pathways, among which the PI3K/AKT pathway is the most common. However, in the aforementioned study, metformin treatment did not inhibit AKT activation as is revealed by the analysis of p-AKT levels in the MTC cell lines. This indicates inhibition of mTOR by another pathway. Activation of ERK (p-ERK) has also been shown to activate the mTOR signaling pathway either by inhibiting TSC2 or by phosphorylation of RAPTOR protein (regulatoryassociated protein of mTOR), both of which promotes mTOR signaling (Mendoza et al. 2011) . Metformin treatment has been shown to lower p-ERK levels in MTC as well as in certain DTC cell lines (Klubo-Gwiezdzinska et al. 2012 .
The role of metformin on hormone overproduction in MTC
MTC is known to produce calcitonin, which is used as a tumor biomarker and a prognostic factor in the surveillance of MTC patients. Significantly elevated calcitonin may lead to calcium imbalance as well as promote intestinal peristalsis leading to severe diarrhea. There are no studies looking at the effect of metformin on calcitonin production by MTC cells.
One of the most debilitating complications of metastatic MTC is ACTH-dependent Cushing syndrome due to the overproduction of ACTH by MTC cells, stimulating a cortisol release from the adrenal glands. At present, there is no information on the effects of metformin on ACTH production by MTC cells.
Clinical trials
There are currently no clinical trials investigating the role of metformin in MTC.
Anaplastic thyroid cancer (ATC)
Epidemiology ATC is a rare type of thyroid malignancy but is associated with a very high mortality rate. It is one of the most lethal cancers and is associated with extremely poor prognosis (Limaiem & Giwa 2019) . ATC accounts for 2-3% of all thyroid malignancies. The first-line treatment for ATC patients includes surgical resection followed by high-beam radiation therapy and chemotherapy. Patients with ATC have a very short median survival of around 6 months . ATC is resistant to most standard treatments, which makes its management enormously difficult. However, recently, combination therapy with dabrafenib (BRAF inhibitor) and trametinib (MEK inhibitor) led to an objective response in 69% of patients with locally advanced or metastatic ATC, leading to the FDA approval of this combination therapy for ATC (Subbiah et al. 2018) .
At present, there is no clinical information available regarding the effects of metformin on the management of ATC.
Preclinical evidence
In the in vitro studies performed on anaplastic thyroid cancer cell lines, metformin treatment resulted in the reduction of cellular proliferation and the induction of apoptosis (Chen et al. 2012 , Nozhat et al. 2018 . Metformin treatment can also inhibit cell migration and affect the morphology of ATC cells (Nozhat et al. 2018) . In another study, the addition of metformin improved the growth inhibitory effects of sorafenib (a multi-kinase inhibitor) on ATC cell lines. The combination of metformin with sorafenib resulted in increased apoptosis and cell cycle arrest in ATC cells in comparison to treatment with either metformin or sorafenib alone. The growth inhibition in these cells was associated with inhibition of the ERK signaling pathway (Chen et al. 2015) . In a similar study, the combination of metformin with vemurafenib (a BRAFV600E inhibitor) resulted in an increased loss of cell viability and apoptosis in ATC and PTC cells in comparison to treatment with either metformin or vemurafenib alone (Hanly et al. 2015) .
At present, there is no strong evidence elucidating the mechanism of metformin action in ATC cells. Moreover, the above observations need to be validated in animal models.
Clinical trials
There are currently no clinical trials investigating the role of metformin in ATC. 
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Benign thyroid nodules Epidemiology Thyroid nodules are very common and nearly 90% of thyroid nodules are benign in nature (Durante et al. 2018) . The most common risk factors for developing thyroid nodules include age, gender, family history of thyroid nodules and radiation exposure. Besides these, the other important risk factors that have been associated with an increased incidence of thyroid nodules are obesity, diabetes, insulin resistance and metabolic syndrome (Duran et al. 2014 , Tang et al. 2017 , Buscemi et al. 2018 , Moon et al. 2018 . One or more of these risk factors are usually associated with each other and the presence of one risk factor can promote the appearance of another. Metformin use has been associated with the management of all these risk factors (Fournier et al. 2014 , Zhou et al. 2018 .
In a patient-based prospective study that included 66 women with small benign thyroid nodules and insulin resistance, metformin treatment (500 mg/twice a day/6 months) resulted in a significant (30%) reduction in nodule size in comparison to non-metformin-treated women. A combination of levothyroxine with metformin had resulted in an even better outcome in these patients with a 55% reduction in their nodular size (Rezzonico et al. 2011) . In a prospective study that included 100 patients with insulin resistance, metformin therapy resulted in a significant reduction in BMI, insulin resistance, thyroid volume and thyroid nodule size (Anil et al. 2016) .
In a recently published meta-analysis study that included 240 patients from three randomized control trials and four prospective studies, metformin treatment caused a decrease in nodular volume, TSH level and improvement in the insulin resistance in these patients (Sui et al. 2018) . Another very recent meta-analysis, including 189 patients fulfilling the analysis criteria, provided similar conclusions (He et al. 2019) .
Preclinical evidence
To the best of our knowledge, there is no preclinical information available regarding the effects of metformin on benign thyroid nodules or on the cells derived from them.
Clinical trials
In Brazil, a clinical trial is currently ongoing to examine the effects of insulin resistance and the use of metformin on the volume of thyroid nodules (NCT03183752).
In a completed clinical trial performed on 89 prediabetic patients, metformin treatment resulted in a significant reduction in the volume of small solid nodules in comparison to placebo-treated patients. No significant effect of metformin was observed on the mixed solidcystic nodules. In addition, metformin treatment resulted in a decrease in TSH levels in patients with TSH >2.5 μU/mL. Metformin treatment was also associated with lower thyroid gland volume compared with the placebo group (Karimifar et al. 2014 ).
Parathyroid tumors
Parathyroid tumors are relatively common, affecting around 30 people in 100,000 population (Thakker 2016) . The most common type of parathyroid tumors are adenomas, which are benign in nature. Parathyroid tumors can cause hyperparathyroidism due to the overproduction of parathyroid hormone (PTH) leading to bone resorption, hypercalcemia and its clinical consequences. The other type of parathyroid tumor is a carcinoma, a very aggressive malignancy, which luckily accounts for less than 1% of parathyroid tumors (DeLellis 2011). The most common treatment for PTHhypersecreting carcinomas and adenomas is surgery. Interestingly, there are reports suggesting the association between hyperparathyroidism and insulin resistance and reversal of insulin resistance measured by HOMA-IR index post-curative parathyroidectomy (Duran et al. 2017) . Moreover, Tanaka et al. showed that parathyroid tumor tissues express IGF-binding proteins and, based on in vitro experiments, suggested that the IGF-1 and IGFbinding proteins are involved in the growth regulation of parathyroid tumor cells (Tanaka et al. 1994 ). The latter observation may form a basis for exploring the indirect effects of metformin on insulin signaling in these tumor models. However, at present, there is no epidemiological, preclinical or clinical data available on the role of metformin in parathyroid tumors.
Neuroendocrine tumors (NETs) Epidemiology
Neuroendocrine tumors (NETs) represent a heterogeneous group of tumors that originate from cells with both neural and endocrine properties. NETs can be classified into different types based on their site of origin. The most common types of NETs are gastrointestinal NETs (GI-NETs), pancreatic neuroendocrine tumors (pNETs) and lung carcinoids (Oronsky et al. 2017 , Patel & Galoian 2018 . The prevalence of NETs is on the rise (Dasari et al. 2017) . At present, the treatment options for these patients include curative surgery, treatment with both somatostatin analogs (SSA) and radiolabeled SSAs, as well as targeted treatment with tyrosine kinase inhibitors and mTOR pathway inhibitors (Young et al. 2015) .
Diabetes is an independent risk factor for the development of pNETs and GI-NETs (Hassan et al. 2008 , Halfdanarson et al. 2014 , Haugvik et al. 2015 . The therapeutic effects of metformin have been reported in patients with diabetes suffering from concurrent pNETs (Pusceddu et al. 2016) . In a recent retrospective study conducted in Italy, metformin treatment was associated with longer progression-free survival (PFS) in diabetic patients with pNETs in comparison to diabetic patients or non-diabetic patients who were not receiving metformin. This study also reported a significant improvement in PFS of pNET patients when metformin was implemented as an adjunct to combination therapy with everolimus (mTOR inhibitor) and SSAs (octreotide or lanreotide) or with SSAs alone (Pusceddu et al. 2018) . At present, there are no clinical studies analyzing the effects of metformin in NETs other than pNETs.
Preclinical evidence
In a recent study performed on pNET cells (BON-1 and QGP-1), metformin treatment inhibited cellular viability in both cell lines in a time-dependent manner. The mechanism of growth inhibition was associated with reduction in p-AKT and p-ERK levels in BON-1 cells, but not in QGP-1 cells . In another study, metformin treatment inhibited the cellular proliferation of neuroendocrine tumor cells of different origins in a dose-dependent manner (Vlotides et al. 2014) . Depending upon the origin of the cell lines (pancreatic neuroendocrine cells -BON1, midgut carcinoid cells -GOT1 and bronchopulmonary neuroendocrine cells -NCI-H727), the underlying mechanism for metformininduced growth inhibition varied. However, regardless of their origin, metformin treatment suppressed mTOR signaling in all cell lines. Conversely, other metformininduced effects, such as AMPK activation/inhibition and apoptosis induction, were dependent on cell line origin. This study also demonstrated glycogen synthase kinase 3 (GSK) as a metformin target in BON1, GOT1 and NCI-H727 cells (Vlotides et al. 2014) . GSK is a serinethreonine protein kinase that plays an important role in multiple processes such as cellular proliferation, differentiation, apoptosis, metabolism, immunity and autophagy. GSK has two isoforms -GSK-3α and GSK-3β -that are constitutively active within the cells unless being inactivated by their phosphorylation. GSK-3 has multiple downstream targets by which it can regulate cell proliferation and survival processes. GSK-3 activity has been associated with tumorigenesis and has been investigated as a potential target in the treatment of cancer (Mancinelli et al. 2017) . Metformin treatment suppressed GSK-3 activity by promoting its phosphorylation in all three NET cell lines (BON1, GOT1, NCI-H727) (Vlotides et al. 2014) . In another study, GSK-3α/β has been demonstrated as a therapeutic target in NETs. Treatment with a GSK-3 inhibitor led to a reduction in cellular viability, induction of apoptosis and inhibition of the migration potential in NET cell lines (BON1, QGP1, H727) (Aristizabal Prada et al. 2018) . Diminished oncogenic growth in these cell lines upon GSK-3 inhibition was associated with the inhibition of mTOR and EGFR signaling pathways. However, the detailed mechanism by which metformin inhibits GSK-3 is not understood and needs to be determined.
Clinical trials
To further confirm these observations and to establish the anti-tumorigenic effects of metformin, a prospective phase II trial (NCT02294006) is underway, testing the efficacy of metformin in combination with everolimus (mTOR inhibitor) and octreotide (SSA) in Fondazione IRCCS Istituto Tumori, Italy. A pilot phase II clinical trial (NCT02279758) is also being conducted in Instituto do Cancer do Estado de São Paulo, Brazil to test the treatment efficacy of metformin in patients with gastroenteropancreatic NETs. Besides this, a phase I trial (NCT02823691) is ongoing at the National Cancer Institute, Italy to assess the safety of metformin in combination with another SSA, lanreotide, in patients with gastrointestinal or lung NET carcinoids.
Tumors of the adrenal medulla: pheochromocytomas (PCC) and paragangliomas (PGL) Epidemiology
Pheochromocytomas and paragangliomas are rare neuroendocrine tumors with an incidence rate of approximately 2-8:1,000,000/year. While PCCs arise from the chromaffin cells of the adrenal medulla, PGLs originate from the ganglia located outside of the adrenal gland (Fishbein & Nathanson 2012) . These tumors are mostly benign, but their malignant transformation does happen. Since the incidence of these tumors is so rare, at present, there is no patient-related information available on the efficacy of metformin treatment on these tumors.
Preclinical evidence
There are a few in vitro studies performed on the cell lines derived from PCC/PGL tumors that demonstrate the antiproliferative potential of metformin. As is reported in thyroid cancer and NET cell lines, metformin exposure inhibited cell proliferation, promoted cell cycle arrest and apoptosis of pheochromocytoma rat-derived cells (PC12 cell line) ). This study demonstrated activation of the AMPK and inhibition of the mTOR and ERK signaling pathways upon metformin treatment. The inhibition of mTOR can occur through activation of the AMPK pathway. Moreover, there was a downregulation of Ccna2 and Ccnb2 expression, which plays an important role in the regulation of cell cycle progression . A similar study was conducted on the adherent version of the PC12 cell line (PC12-Adh PHEO), which also demonstrated growth inhibition upon metformin treatment (Meireles et al. 2017) . Moreover, metformininduced a reduction in oxygen consumption, which was most likely associated with the inhibition of mitochondrial respiration (Meireles et al. 2017 ). These metformin-associated effects need to be validated on human PCC-derived cell lines.
Cell lines derived from head and neck PGLs (PTJ64i and PTJ86i) are also sensitive to metformin-mediated growth suppression. In combination with a pyruvate dehydrogenase kinase inhibitor, dichloroacetate, and a PPARα antagonist, GW6471, metformin had synergistic effects on the cellular viability and clonogenicity of these cell lines (Florio et al. 2018) . Such combination treatments might be effective in these tumors when the chemotherapy treatments are not effective and surgery rendering the patient as 'no evidence of disease NED' is not feasible.
It will be interesting to establish if these in vitro observations can be confirmed through animal models and human studies.
The role of metformin on hormone overproduction in PCCs/PGLs
To the best of our knowledge, there are currently no preclinical or clinical data on the association between metformin and overproduction of catecholamines by pheochromocytomas/paragangliomas.
Clinical trials
There are currently no clinical trials addressing the role of metformin in the management of metastatic pheochromocytomas/paragangliomas.
Tumors of the adrenal cortex: adrenocortical adenoma/adrenocortical carcinoma (ACC) Epidemiology
Adrenocortical adenomas are the most common types of adrenal tumors and are benign in nature. These tumors can be functionally inactive or actively produce cortisol, aldosterone or androgens. The non-functional adenomas are usually left untreated unless they are large and growing, in which case surgery is indicated, whereas functional adenomas can be treated by their surgical removal and/or by medications that control the activity/ production of hormones. In contrast to adenomas, ACCs are extremely rare in occurrence, affecting 1-2 people per million population. ACCs are malignant and lethal in nature and can be associated with a significant overproduction of hormones -particularly androgensleading to signs and symptoms of virilization in affected women. The most common treatment for ACCs is surgery and chemotherapy (Else et al. 2014) .
Clinically, not much information is available related to the effects of metformin on the treatment of adenomas or ACCs. Nonetheless, there is a recent case study in which the anti-cancer effects of metformin were observed in a metastatic ACC patient. The patient was treated with mitotane in combination with other chemotherapeutic drugs, which resulted in stable disease. This was followed by metformin treatment (500 mg/twice a day) in combination with mitotane, which resulted in the further reduction of the nodule size, with a continued response to this combination therapy for nine months (Peixoto et al. 2018) .
Preclinical evidence
To the best of our knowledge, there is only one preclinical study where the effects of metformin have been tested on ACCs through in vitro and in vivo experiments. The study analyzed the growth inhibitory effects of metformin on an adrenocortical cell line, H295R. Metformin treatment significantly reduced the cellular proliferation and viability of these cells by inhibiting phosphorylation of ERK1/2 and mTOR, along with activation of the AMPK pathway. In addition to this, metformin treatment promoted apoptosis of these cells by inhibiting the expression of anti-apoptotic genes that led to the activation of caspase 3. These in vitro findings were also confirmed in vivo, where metformin treatment resulted in the inhibition of tumor growth as confirmed by the reduction in Ki67 levels (Poli et al. 2016) .
The role of metformin on hormone overproduction in adrenocortical adenomas/ACCs
At present, there is no information related to the effects of metformin on the cortisol and aldosterone production by adenomas/ACCs.
Clinical trials
There are currently no clinical trials investigating the role of metformin in adenomas/ACCs.
Pituitary neuroendocrine tumors (PitNETs) Epidemiology
PitNETs, also known as pituitary adenomas (PAs), are the most common tumors of the central nervous system. They are extremely diverse, depending on their cell of origin, and are categorized based on the hormone that they secrete. These PitNETs are usually benign in nature and can be classified as functional or non-functional, depending on whether or not they secrete hormones (Theodros et al. 2015) . Among the PitNETs, prolactinomas are the most common, comprising 32-51% of all PitNETs. Other common PitNETs include non-functioning adenomas, growth hormone (GH)-secreting PitNETs and adrenocorticotropic hormone (ACTH)-secreting PitNETs. Some rare occurring PitNETs, include TSH-and gonadotropin-secreting PitNETs (Mehta & Lonser 2017) . The most common treatment for these patients is medical therapy (treatment of choice for prolactinomas) or surgical treatment, depending on the type of PitNETs. In cases where medical therapy fails, surgical resection is the only option. There are case reports suggesting that such patients may benefit from metformin treatment, as reported in a recent study where the anti-tumorigenic effects of metformin were observed in two patients with prolactinomas who were resistant to bromocriptine, a dopamine agonist.
Combination treatment of bromocriptine and metformin in these patients lowered prolactin levels and reduced the tumor size, while bromocriptine alone was insufficient to reduce the tumor growth .
Preclinical evidence
Currently, there are limited studies suggesting the growth inhibitory effects of metformin on PitNETs. The antiproliferative effects of metformin have been seen on an ACTH-secreting mouse corticotroph tumor cell line, AtT20, and growth hormone-secreting PitNET cell lines GH3 and GH1 , Faggi et al. 2018 , Jin et al. 2018 . Besides growth inhibition, metformin-induced apoptosis in the cells by upregulating the expression of pro-apoptotic genes and downregulating the expression of anti-apoptotic genes. In ACTH-secreting AtT20 cells, metformin inhibited cell proliferation by activating the AMPK signaling pathway and inhibiting the IGF-1R/AKT/mTOR pathway. In a recently published study performed on primary cell cultures derived from PitNETs, metformin treatment inhibited cell viability in ACTH-secreting adenomas and non-functioning PAs but not in GH-secreting adenomas and prolactinomas (Vázquez-Borrego et al. 2019) .
In a study performed by Faggi et al. (2018) on GH-secreting PitNET cells, metformin treatment mediated the activation of AMPK, with inhibition of the mTOR-p70S6 kinase pathway suggested as the underlying mechanism. However, in the other study conducted by on GH3 cells, the underlying mechanism for growth inhibition was associated with increased ATF3 signaling and inhibition of STAT3 activity. These in vitro observations were also validated on a xenograft mouse model. ATF3 is a transcription factor that is induced by physiological stress. Metformin-mediated inhibition of mitochondrial respiration leads to oxidative stress, which in turn can stimulate ATF3 activity. ATF3 induction has been implicated in both the repression and activation of apoptosis in cancer cells, suggesting its dual role (Yin et al. 2008) . In GH3 cells, inhibition of ATF3 activity prevented metformin-induced apoptosis, which suggests its tumor suppressor role in PitNET cells. Similar to ATF3, STAT3 can also promote or inhibit cancer cell growth (Avalle et al. 2017) . Metformin-mediated STAT3 inhibition suggests its anti-oncogenic role in PitNETs; however, further studies are required to understand the detailed mechanism by which metformin regulates the growth of these tumor cells. 
The role of metformin in hormone production by PitNETs
At present, there are no clinical data available describing the role of metformin in the regulation of hormone production by functional PitNETs. However, in the abovementioned in vitro studies, metformin suppressed the production of ACTH and GH in pituitary tumor cell line models , Jin et al. 2018 ). On the contrary, metformin treatment did not affect hormone secretion in primary cells derived from either ACTH-secreting, GH-secreting or prolactin-secreting PitNETs (Vázquez-Borrego et al. 2019 ). Metformin treatment has been shown to lower TSH levels in diabetic patients, but the exact mechanism is not understood (Fournier et al. 2014) .
Clinical trials
Currently, there is only one ongoing clinical trial (NCT02060383) focused predominantly on metformin as an agent ameliorating the side effects from the medical management of ACTH-secreting and GH-secreting PAs. This is a phase IV, multi-center, randomized, open-label study of patients treated with the SST analog pasireotide for Cushing disease or acromegaly. Since SST analogs affect glucose metabolism, if previously normoglycemic patients experience increases in their fasting blood glucose and meet the criteria for diabetes while on pasireotide, they start anti-diabetic treatment using metformin. The efficacy of metformin on hyperglycemia management is assessed at a landmark of 16 weeks.
Conclusion and future prospects
Clinical trials, retrospective studies and laboratory-based in vitro and in vivo studies suggest the efficacy of metformin as a growth inhibitory agent in endocrine tumors (Tables 1  and 2 ). Most clinical observations that demonstrate the usefulness of metformin treatment in endocrine tumors is derived from diabetic patients who were taking metformin. With regard to DTC and pNETs, there are substantial data suggesting the therapeutic effects of metformin in these cancers. This promising epidemiological and preclinical evidence led to the initiation of phase II (n = 2) and phase 1 (n = 1) clinical trials using metformin as monotherapy or adjuvant treatment in the management of NETs. Besides this, a small randomized clinical trial testing the efficacy of metformin use on the volume of benign thyroid nodules is also underway. For other endocrine malignancies, there is either limited or no clinical data demonstrating the efficacy of metformin. For MTC, ATC, PA, PCC/PGL and ACC, evidence for the potential anti-cancer role of metformin originate from a small number of cell line studies. For the remaining endocrine malignancies, the effects of metformin have never been investigated. To evaluate the effects of metformin on these rare forms of endocrine cancers, it is important to create good cell line and mouse models. These preclinical studies can form the basis for clinical trials, where the effects of metformin can be analyzed on the patient population.
Another important question that must be addressed is the mechanism of action of metformin in different endocrine cancers. Current studies indicate multiple targets of metformin in cancer cells (Fig. 2) . The most common mechanism by which metformin controls tumorigenesis includes inhibition of mitochondrial function by hindering complex I activity and AMPK-dependent and/or independent inhibition of the mTOR signaling pathway. Based on the available information from limited studies, the mechanism of action of metformin appears to be varied among different endocrine cancers. Besides the well-known targets, various additional metformin targets (e.g. mGPDH, ATF3, STAT3, GSK3, cyclins) have been identified in endocrine cancers. The exact mechanism by which metformin controls the action of these genes/ proteins are not known and must be elucidated. Metformin treatment can also inhibit the insulin/IGF-1 signaling pathway, which is associated with cellular proliferation. Moreover, metformin can also decrease the production of certain growth-promoting hormones, such as TSH and GH, which could further contribute to the reduction of TSH-and GH-dependent tumors. One of the most important points of consideration in the preclinical studies reporting the anti-cancer effects is the metformin doses and their translational relevance in humans. The plasma levels of metformin in patients taking therapeutic doses range from 10 to 40 μM; however, metformin concentration in the portal vein is much higher and ranges from 40 to 70 μM (Song 2016) . Considering the plasma and portal vein levels of metformin, the majority of the in vitro studies utilized supra-therapeutic doses of metformin, and thus, the effect size seen in vitro might not translate to the in vivo findings in humans (Table 2) . However, it is important to note here that metformin accumulates in the cells and tissues over time, leading to a significant, several folds increase in its concentration within the cells compared to plasma levels (Rena et al. 2017) . The accumulation of metformin within the cells depends on the surface expression of the transporters like organic cation transporters (OCTs), multidrug and toxin extruders (MATEs) and plasma membrane monoamine transporters (PMATs) (McCreight et al. 2016) . The presence of OCTs in the liver results in 3-5 times higher accumulation of metformin within the hepatocytes than the portal vein. The concentration of metformin in the gut has been observed to be 30-300 times higher than the plasma concentrations (Song 2016) . That being said, the supraphysiological concentrations of metformin used for the in vitro studies cannot be
Figure 2
Mechanism of action of metformin in endocrine tumors: metformin is a negatively charged molecule that enters the cell through organic cation transporters (OCTs). After entering the cells, it can inhibit tumorigenesis through the following pathways. First, metformin, through its direct action, can inhibit complex 1 or mGPDH, either alone or together, to inhibit oxidative phosphorylation (OXPHOS). This inhibition of OXPHOS lowers the energy production (ATP synthesis) within the cells, which creates cellular stress in cancer cells. The reduction in ATP production increases both the AMP:ATP and ADP:ATP ratios, which activates AMPK. Activation of AMPK, in turn, leads to activation of tuberous sclerosis complex 1/2 (TSC 1/2), which inhibits the mTOR pathway. Second, metformin can inhibit insulin or insulin-like growth factor-1 (IGF-1)-mediated activation of the RAS-MEK-ERK and PI3K-AKT pathways, which results in the inhibition of the mTOR pathway. Third, metformin-mediated activation of AMPK can inhibit phosphorylation of insulin receptor substrate-1 (IRS-1). IRS-1 is downstream of the IGF-1 pathway and upstream of the PI3K-AKT pathway. Inhibition of IRS-1 activity hampers AKT phosphorylation, which causes activation of the TSC complex and inhibition of the mTOR pathway. Last, metformin has other targets including STAT3, GSK3, and ATF3 in endocrine cells, but the exact pathway by which metformin targets these genes/proteins are not known. achieved in humans without potential toxicity. To establish the role of metformin in the management of endocrine tumors, it is important to validate the in vitro findings through preclinical studies at concentrations that can be translated into humans. Most of the in vivo studies were performed at doses leading to plasma concentration of metformin in animals comparable to the metformin levels in the plasma of the humans upon administration of therapeutic doses. These studies are, however, very limited in number and lack the information about metformin levels in the tumor tissues which is an important factor in determining the efficacy of metformin as an anti-cancer drug.
Another important point that draws attention in these preclinical studies is that the metformin-associated growth inhibitory effects are primarily due to inhibition of proliferation, rather than induction of massive apoptosis or necrosis, suggesting that monotherapy with metformin will not lead to complete remission of the tumor. Therefore, utilization of metformin as an adjunct to other treatment modalities has emerged as a promising strategy. Numerous studies have exploited metformin in synergy with standard treatment or in combination with other drugs for the treatment of different types of cancer and have observed a better response than the use of metformin alone. However, the mechanisms of synergy between metformin and other anti-cancer agents are not well understood and must be elucidated further to guide well-designed prospective trials on combination therapies in endocrine malignancies. Furthermore, additional studies are needed to identify biomarkers and patients' characteristics that are associated with the highest likelihood of response to metformin treatment in endocrine tumors.
A number of retrospective studies reported reduction in cancer incidence and progression of endocrine cancer. However, a retrospective design of these studies was associated with a significant inherent selection, information and immortal-time bias, unavailability of relevant information of all potential confounders, relatively small sample size and highly variable dosing and duration of metformin treatment. To overcome these limitations, it is important to conduct well-designed prospective clinical trials that can take into account all these factors.
Overall, although there are several limitations in studies investigating the role of metformin in endocrine cancers, metformin appears to be a promising adjuvant agent in the treatment of endocrine malignancies.
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